A genomic library of Legionello pneumophihz, the causative agent of Legionnaires disease in humans, was constructed in Escherichill coli K-12, and the recombinant clones were screened by immuno-colony blots with im antiserum raised against heat-killed L. pneumophilo. Twenty-three clones coding for a LegioneUa- 
MATERIALS AND METHODS
Media, enzymes, and cbemicals. Legionella strains were cultivated on buffered charcoa'l-yeast extract (BCYE) agar plates supplemented with 0.025% ferric pyrophosphate and 0.04% L-cysteine (Oxoid, Wesel, Germany) (15) at 37°C in a 5% C0 2 atmosphere for 48 h prior to use. E. coli K-12 strains were grown in L broth. Radiochemieals were purchased from NEN Research Products, Dreieich, Germany. Restrietion enzymes, exonuclease 111, S1 nuclease, Klenow fragment, T4 polynucleotidekinase, and T4 ligase were obtained from Pharmacia, Freiburg, Germany; Boehringer, Mannheim, Germany; Biolabs, Schwalbach, Germany; and Gibco BRL, Karlsruhe, Germany. ·All other chemieals were obtained from Merck, Darmstadt, Germany; Difco, Detroit, Mich.; BRL, Neu-Isenburg, Germany; Oxoid, Wesel, Germany; Roth, Karlsruhe, Germany; and Serva, Heidelberg, Germany. Antibiolies were from Serva or Sigma (Deisenhofen, Germany).
Baderial strains and plasmids. The genomic library was constructed from L. pneumophila strain Philadelphia I (36) . For cloning experiments, the E. coli K-12 strains HB101 (6) and DH5a (24) were used. Plasmid pLAFR2 is a cosmid vector described previously (21, 33) . For subcloning, the vectors pBR322 (5), pUC8 (49) , and pBluescriptiiKS (Stratagene, La Jolla, Calif.) were used. Subclones containing recombinant plasmids with pUC8 and pBluescriptiiKS were assayed on plates containing X-Gal (5-bromo-4-chloro-3-indolyl-ß-o-galactopyranoside) and · IPTG .(isopropyl-ß-othiogalactopyranoside). Subclones are indicated in Fig. 4 and 7. Antibiotics were used at concentration of 50 J.Lg/ml (ampicillin) or 10 J.Lg/ml (tetracycline).
Cosmid cloning procedure. Legionella-specific chromosomal ONA was isolated as described before (32, 39) . Chromosomal Sau3A fragments of 20 to 22 kb were Iigated into the BamHI site of cosmid pLAFR2 and transduced into E. coli HB101 with the help of the cosmid packaging system (28, 51) .
Recombinant DNA techniques. Plasmid DNA was isolated as described previously (4, 23) . For restriction enzyme analysis, DNA was treated with appropriate enzymes, and the res~lting fragments ·were separated by gel eiectrophoresis on 0.8 to 1.0% agarose gels (41) . DNA fra,gments were isolated from the agarose gel with the help of the GeneClean kit from .Bio ÜH, La Jolla, Calif., as described by the mariufacturer. for cloning, DNA fragments were Iigated into suitable vector molecules after heat inäctivation of the restriction endonucleases at 65°C for 10 min (41) . Digestion of DNAs with exonuclease 111 was done by the method of Henikoff (25) . E. coli K-12 strains were transformed by the CaC1 2 method (35) .
Preparation of antisera. The antigen used for production of the L. pneumophila-specific antiserum was prepared from heat-killed cells of L. pneumophila Philadelphia I grown on agar plates as described previously (19) . Antiserum was prepared by intravenous injection of the antigen into New Zealand rabbits. The final immunoftuorescence titer of the antiserum was 1:1,024. Antiserum specific for the cloned 19-kDa protein of L. pneumophila was prepared from cell sonicates of E. coli K-12 clone HB101(pBLL2511). The final immunoftuorescence titerwas 1:512. To remove the E. coli K-12-specific antibodies, the antiserumwas absorbed with a suspension of HB101(pLAFR2).
Immuno-colony blot. Immuno-colony blots were done as described by van Die et al. (48) .
PAGE. For polyacrylamide gel electrophoresis (PAGE), recombinant E. coli clones were grown in L-broth to the stationary phase. L. pneumophila cells were harvested from BCYE agar plates. Cells were washed in 0.9% NaCl, suspended in. 60 mM Tris-HCl (pH 6.8)-2% sodium dodecyl sulfate (SDS)-10% glycerol-5% mercaptoethanol-0.002% broinphenol blue and boiled for 5 min. The samples were run on 13% polyacrylamide slab gels as described by Laemmli (34) .
Western immunoblots. Western blots were performed by the method of Towbin et al. (46) . Cellular location of proteins. A 150-ml amount of ovemight cultutes of the recombinant E. coli K-12 clone HB101 (pBLL2511) and an equal amount of L. pneumophila cells harvested from agar plates were pelleted by centrifugation at 4°C for 10 min and washed with 50 mM Tris-HCl buffer (pH 7.2). Cell pellets were suspended in 5 ml of 50 mM Tris-HCl buffer (pH 7.7). The suspensions of the E. coli K-12 clones were passed through a French press (three times, 900 lb/in 2 ). L. pneumophi/a cells were broken by sonication, and residual cells were removed by centrifugation. The suspensions were centrifuged at 50,000 rpm in a Beckman Ti70.1 rotor for 1 h. The supernatants contain the cytoplasmic and periplasmic proteins, and the pellets contain the components of the cell envelopes. The pellets were washed in a solution con- taining 2% SDS, 10 mM Tris-HCl buffer (pH 8.0), and 10 mM EDTA (pH 8.0) and centrifuged at 48,000 rpm in a Beckman Ti70.1 rotor for 1 h. The supernatants, which contained the SOS-soluble .proteins, were collected. The pellets were resuspended in 2 ml of a suspension containing 2% Genapol X-80, a nonionic de~ergent similar to Triton X-100 (Fluka, Neu-Ulin, Germany), 20 mM Tris-HCl (pH 8.0), and 10 mM EDT A (pH 8.0) and centrifuged at 48,000 rpm in a Beckman Ti70.1 rotor for 1 h. The resulting supernatants contain peptidoglycan-associated proteins (37, 43) , Isolidion aild Separation of inner arid outer membranes. Membraries of the recombinant E. coli clones were prepared and separated into inner and outer membrane fractions by the rriethod of Osborn et al. (38) . Legionella membranes were isolated by th~ following procedure. Cells were harvested from agar plates in 10 mM cold HEPES (N-2-hydroxyethylpiperazlne-N' -2-ethanesulfonic acid) buffer (pH 7.4) and passed through a French press (three tlmes at 900 lb/in 2 ). Whole cells were removed by centrifugation at 1,000 x g for 20 min. Total membranes were recovered by ultracentrifugation at 50,000 rpm in a Beckman Ti60 rotor for 1 h. The pellet containing the inner and outer membranes was suspended in 1 ml of 25% (wt/wt) sucrose containing 5 mM EDT A (pH 7 .5) and layered on top of a sucrose step gradient as described previously (38) . After centrifugation at 36,000 rpm in a Beckman SW40 rotor for 18 h, gradient fractions were collected and analyzed by SOS-PAGE. The distribution of outer membrane proteins showed a successful separation of the membranes (Fig. 1) .
Gene probe and radioactive labeling. As a pp/-specific gene probe, the 1.8-kb Clal fragment of pBLL30 (see Fig. 4 ) was used. After elution from agarose gels, the ONA fragment was Iabeted with [a-32 P]dATP by the method of Feinberg and Vogelstein (20) , with a random priming kit purchased from Boehringer.
Southern hybridization. The transfer ofDNA from agarose gels to nitrocellulose paper and the washing and autoradiography ofthe ftlters were performedas described earlier (44) . The filters were hybridized in 50% formamide for 24 h at 42°C in 5x SSC (lx SSC is 0.15 M NaCI plus 0.015 M sodium citrate). The filters were washed three times with 0.1 x SSC-0.1% SOS at 56°C (high-stringency conditions [37] ). These conditions allow approximately 10% mismatches, estimated by the method of Davis et al. (12) .
Oligonucleotide synthesis. Oligonucleotides used for DNA sequencing were synthesized with an Applied Biosystems 380A DNA synthesizer by the phosphoramidite method of Beaucage and Caruthers (2) . Oligonucleotides were purified with oligonucleotide purification cartridges from Applied Biosystems, Foster City, Calif. DNA sequencing. The sequence of the pp/-specific DNA region was determined with the help of a sequencing kit from Boehringer as described by the manufacturer.
Computer analysis. The programs used for compiling the nucleotide sequence data were from J. Devereux (University of Wisconsin Genetics Computer Group) (14) .
RESULTS
Cloning of the Legionella-specific 19-kDa outer membrane protein in E. coli K-12 . A genomic Jibrary of L. pneumophila Philadelphia I was constructed (51). The 2,885 E. coli clones harboring recombinant plasmids with Legionella-specific DNA inserts of 20 to 22 kb were screened by immuno-colony blots with anti-Legionella-specific antiserum. Seventy-six clones reacted strongly, and cell lysates were analyzed by SDS-PAGE and Western blotting. Proteins of 19 kDa were produced by 23 recombinant clones. Antibodies raised against the recombinant E. coli K-12 clone HB101 (pBLL2511), coding for the 19-kDa Legionella antigen, recognized the · corresponding proteins produced by the recombinant E. coli clones and by L. pneumophila Philadelphia I. Furthermore, the bacterial envelopes of L. pneumophila Philadelphia I and E. coli HB101(pBLL2511) were separated into in~er and outer membranes by the method of Osborn et al. (38) . As indicated by the SDS-PAGE gel and the Western blot shown in Fig. 1 and 2 , and 19-kDa protein of L. pneumophila is associated with the bacterial outer membrane in both L. pneumophila and E. coli. The inner membrane preparations did not react with the 19-kDa protein-specific antibodies.
Peptidoglycan association of the 19-kDa protein. The fractions containing the cytoplasmic and the periplasmic proteins and the membrane protein fractions of L. pneumophila and E. coli clone HB101(pBLL2511) expressing the 19-kDa protein were isolated as weil as the SOS-soluble and Genapol-soluble components of the membrane fractions. The latter contains peptidoglycan-associated proteins (37, 43) . The different protein fractions were probed with the monospecific polyclonal antiserum raised against the 19-kDa protein-producing E. coli clone. As shown in Fig. 1 and 2 , the 19-kDa protein of L. pneumophila is membrane associated. This is also demonstrated in Fig. 38 and F. A very weak signal which appeared after blotting of the cytoplasmic/ periplasmic fraction of HB101(pBLL2511) may result from overproduction of this protein in the recombinant strain (Fig.  3E) . A small amount of protein can be dissolved from the membrane fractions afterwashing with SDS ( Fig. 3C and G) .
FIG.
3. SOS-PAGE (panels A to 0) and Western blots (panels E to H) of cytoplasmic and periplasmic protein fractions (panels A and E), whole-cell membrane fractions (panels B and F), the SOSsoluble membrane protein fractions (panels C and G), and the Genapol-soluble peptidoglycan-associated protein fractions (panels 0 and H) of L. pneumophila Philadelphia I (lanes 1), HB101 (pBLL2511) (lanes 2), and HB101(pLAFR2) (control, Ianes 3). The samples were probed with antiserum raised against clone HB101(pBLL2511), producing the 19-kDa protein. PplA is marked by arrowheads.
This was also shown for other proteins associated with the murein layer (3a, 37, 43) . The majority of the 19-kDa protein, however, was isolated from the cell envelopes following resuspension of the membrane fractions with the detergent Genapol ( Fig. 3D and H) . These data point to an association of the 19-kDa protein with the peptidoglycan layer in L. pneumophila and also in the recombinant E. coli strain. We therefore termed the 19-kDa protein Ppl (peptidoglycanassociated protein of L. pneumophila).
Subcloning of the ppl determinant. Four Hindill fragments of the cosmid pBLL2511 were cloned into vector pUC8 (49) . A Hindill fragment of 5.0 kb which represents the insert DNA of plasmid pBLL25-1 conferred production of the 19-kDa protein (Fig. 4) . Since production of the 19-kDa protein could be detected after subcloning of the Hindill fragment opposite to the direction of transcription of the vector-specific promoter, the ppl determinant seems to be transcribed from its own promoter. In order to localize the ppl determinant precisely, a set of deletion mutants and subclones were constructed. The smallest insert which was able to mediate Ppl production was a 1.8-kb Clal fragment cloned into the vector pBluescriptiiKS. The corresponding plasmid was termed pBLL30. In a Southem hybridization experiment, chromosomal DNA isolated from strain L. pneumophila Philadelphia I was hybridized with the radioactively labeled 1.8-kb Clal fragment of pBLL30. Strong signals appeared after hybridization, which clearly showed the identity of the cloned pp/-specific sequence and the ppl determinant on the Legi01: :.'Ia genome (data not shown).
Dl\ :, . .:equence of the ppl detenninant. It was shown that the PJ-··' -i,-:terminant is located on the Clal fragment of 1.8 kb (Fig .. : .;, z.nd therefore the nucleotide sequence of this DNA regio'J was established (for sequence strategy, see Fig. 5 ). Twc opel'i reading frames (ORFs) were found, and the sequcn~:es of these are given in Fig. 6 . One ORF starts at an ATG codor, at positions 110 to 112 and ends at a TGA at positions 637 to 639. The exact start position of the second ORF is not established yet, but it may extend from position 637, 682, or 742 to position 1068. The two ORFs represent genes which have been designated pplA and pplB. The gene pplA codes for a protein of 176 amino acids (aa), with a calculated molecular mass of 18.9 kDa. The gene has an upstream consensus ribosome-binding site (45) . The protein PplA contains a potential Iipoprotein signal sequence-processing site at aa 21 and 22. Cleavage between these amino acids generates a predicted mature protein of 155 aa and a molecular mass of 16.8 kDa (52) . The N-terminal region of PpiA agrees with reported membrane protein signal sequences and contains a hydrophilic region followed by a strong hydrophobic region. While no homology was found between the putative protein PplB of 16.8 kDa and any other gene products sequenced, PpiA shows homology to the peptidoglycan-associated Iipoproteins (Pal) of E. coli K-12 (59.6% similarity, 36.3% identity [10] ) and H. infiuenzae (60.8% similarity, 41.2% identity [13] ).
Characterization of clones carrying mutations in pplA and pplB. In order to confirm the identity of PplA with the 19-kDa protein of L. pneumophila, plasmid pBLL30, which consists of the 1.8-kb C/al fragment of L. pneumophila and the vector pBluescripiiKS, was used for exonuclease III digestion studies. It is obvious from Fig. 7 that the clones HB101(pBLL30-2), HB101(pBLL30-9), and HBlOl specific antiserum. lt is therefore concluded that the gene pp/A codes for the L. pneumophila-specitic peptidoglycanassociated protein of 19 kDa.
DISCUSSION
We report on the expression and characterization of an L. pneumophila-specific peptidoglycan-associated protein of 19 kDa, termed PplA. The corresponding determinant was cloned in E. coli, and its nucleotide sequence was established. Recently, two other Legionella-specific antigens were expressed in E. coli and sequenced (18, 27, 42) . One of these, the Mip protein, plays a roJe in the uptake of Legion- ella organisms by phagocytic cells (11) . The other antigen, which represents a heat shock-like protein of 58 kDa termed HtpB, may also be involved in the pathogenicity of L. pneumophila.
Together with the 19-kDa protein described here, only these three proteins could be detected following screening of Legionella-specific genomic libraries of E. coli with Legionella-specific antiserum (17, 26) . Thus, we and others were unable to clone the gene coding for the major outer membrane protein of L. pneumophila, termed MOMP, which is responsible for the interaction of the bacteria with the C3b receptors on phagocytic cells (3, 16, 22) . Differences in the promoter regions of E. coli and L. pneumophila as a consequence of the different A + T contents of the two species may be one reason for the limited number of L. pneumophila antigens cloned and expressed in E. coli.
By using sucrose density gradient centrifugation, it was demonstrated that the 19-kDa protein of L. pneumophila is part of the bacterial outer membrane. Large amounts of the PplA protein were detected on SDS-PAGE andin Western blots ( Fig. 3) with Genapol suspensions of cell envelope fractions. The detergent Genapol is used for the isolation of porins from peptidoglycan layers of different organisms (3a, 43) . It is concluded from these data that the 19-kDa protein is noncovalently but tightly bound to the peptidoglycan layer of L. pneumophila_ and the recombinant E. coli clones. A trace of PplA proteinwas also detected in Western blots of SOS-soluble protein fractions of the cell envelopes. These data, however, do not contradict our suggestion that PpiA is associated with the peptidoglycan layer, because only a very small amount of the 19-kDa protein was isolated after washing of the bacterial membrane with SDS which was not detectable on SOS-PAGE (Fig. 3C) . lt was also shown for other peptidoglycan-associated proteins that a minority of these can be dissolved from the cell envelope by treatment with SDS (3a, 37, 43) .
The 19-kDa protein represents a less abundant protein in SDS-PAGE than another peptidoglycan-associated protein of about 31 kDa described recently (9; see also reference 1), but it is present and highly immunogenic. The 19-kDa protein of L. pneumophila Philadelphia I described here may be the analog antigen to outer membrane proteins of 19 to 20 kDa which were previously selected from recombinant clones of cosmid genomic libraries of L. pneumophila strains Knoxville and Wardworth (17, 26) and which arealso poorly expressed in E. coli and in Legionella spp.
The sequence studies with the pp/-specific determinant reveal that two ORFs, pp/A and pp/B, exist on the DNA fragment coding for the peptidoglycan-associated protein of 19 kDa. The isolation of plasmids with exonuclease 111-generated deletions in the ppl region, however, clearly showed that the gene ppiA codes for the 19-kDa protein. We presently have no further information as to whether the second gene, pp/B, plays any role in expression or processing of the peptidoglycan-associated protein PpiA.
The protein sequence of PplA shows a remarkable degree of homology to the amino acid sequences of the Pal Iipoproteins of E. coli K-12 and H. in.fluenzae (10, 13) (Fig. 8) . We have no functional evidence that we have cloned a Iipoprotein, but the amino acid sequence of PpiA exhibits common features with the protein sequences of the Iipoproteins. Thus, the N-terminal part of PplA includes the amino acid motif Ala-Ala-Cys-Ser, with a hypothetic cleavage site between the alanine and cysteine residues, which is in total agreement with the cleavage sites specific for the signal peptidase II system responsible for the processing of Iipoproteins (7, 52) . Furthermore, a ß-tum structure follows the cleavage site of PplA, which is also specific for Iipoproteins (10, 29) .
As shown in Fig. 8 , the C-terminal part of PplA shows a high degree of homology to the carboxy-terminal regions of the Iipoproteins of E. coli and H. in.fluenzae. By using gene fusions between the gene pa/ of H. injluenzae and the phoA determinant, coding for the enzyme alkaline phosphatase, Deichet al. (13) were able to show that the C-terminal part of the Pal protein interacts with the bacterial outer membrane. The homology between the C termini of Pal and PplA may argue for a strong selective pressure on these particular regions which may play an essential role in the membrane architecture of L. pneumophila and H. in.fluenzae. lt is interesting that the gene pp/A shows an A + T content of 49%, which is considerably lower than the average A + T content of the L. pneumophila genome, suggesting that the gene pp/A may originate from an organism other than Legione/la spp.
Outer membrane proteins play a major role in the pathogenicity of various organisms (8, 47) . L. pneumophila represents an intracellular pathogen which is able to cause severe cases of pneumonia (50) . One important feature in the pathogenesis of L. pneumophila is its ability to inhibit phagolysosomal fusion and acidification of the vacuole of phagocytic cells (30, 31) . Cell surface components may be associated with these processes, which are necessary for the intracellular survival of L. pneumophila. Furthermore, membrane proteins may protect bacteria from destruction by exogenous enzymes. The cloning and characterization ofthe ppl determinant may enable us to construct specific mutants of L. pneumophila which do not produce the PpiA antigen and therefore to determine whether this protein contributes to its pathogenicity.
